Simple geometric models of the left ventricle and indirect experimental measurements suggest that the inner myocardial wall contributes the largest fraction to total wall thickening. We measured transmural differences in regional wall thickening directly, using an epicardial M mode echocardiographic transducer (6 mm diameter, 5 MHz) placed on the anterior free wall of the left ventricle. Wall thickness was partitioned into inner and outer regions by inserting a waxed, 3-0 suture at different depths within the wall. The suture was used as an intramural echo target that was imaged simultaneously with the endocardium to determine inner and outer fractional contribution to total wall thickness. Data were collected in open-chest dogs at rest, during inotropic stimulation with isoproterenol, and during right heart bypass, which was used to vary cardiac output and preload. Results obtained with this method demonstrated that systolic wall thickness was nonuniform at rest and during each intervention. The fractional contributions to total wall thickening of the inner, middle, and outer thirds of the myocardial wall were estimated from the data to be 58%, 25%, and 17%, respectively. The experimental findings corresponded closely to theoretical predictions, supporting the conclusion that a gradient of thickening exists across the myocardial wall, with the inner portion of the wall contributing the largest fraction to total systolic thickening.
WHETHER OR NOT systolic wall thickening is nonuniform may be important clinically because conventional means of evaluating left ventricular function frequently assume uniformity of fiber shortening or wall thickening.' Although theoretical predictions indicate that the inner layers of the left ventricle should thicken significantly more than the outer layers,24 experimental measurements of inner and outer systolic wall thickening have not produced consistent results.7 In addition, previous measurements were indirect or required the use of methods not readily available to most investigators.
Consequently, we measured differences in regional transmural thickening with an implantable echocardiographic transducer placed on the epicardium. 5 9 The myocardial wall was partitioned into inner and outer portions by passing a 3-0 suture through the wall at varying depths. The suture was used as an echo target and allowed direct measurement of the inner and outer wall contribution to total wall thickening. The method is relatively simple and enables direct measurement of transmural differences along the same axis through the wall. We applied this novel approach to test the hypothesis that systolic wall thickening is nonuniform, and to evaluate the effects of changes in preload and augmented contractility on the contribution of different myocardial layers to total systolic thickening.
Methods
Mongrel dogs were premedicated with morphine sulfate (1 to 2 mg/kg) 30 min before induction of anesthesia with chloralose (120 mg/kg). Additional chloralose was administered by a lowrate intravenous infusion to maintain anesthesia. After endotracheal intubation, a left thoracotomy was performed through the fifth intercostal space. The heart was suspended in a pericardial cradle to maximize exposure of the anterior free wall of the left ventricle. A Millar high-fidelity micromanometer and a Tygon fluid-filled catheter (used to calibrate the micromanometer) were inserted into the left ventricle via the atrial appendage and mitral valve. Fluid-filled Tygon catheters were inserted into the femoral artery for measurement of aortic pressure and the femoral vein to provide access for intravenous fluids.
For measurement of regional wall thickness we used a 6 mm, 5 MHz echocardiographic transducer (KB-Aerootech; Lewiston, PA) coupled to an Irex-M-mode echocardiographic recorder. The unfocused transducer was positioned on the epicardium of the anterior left ventricle (figure 1) and was oriented to obtain a continuous strong signal from the endocardium. In most studies the transducer was attached directly to the epicardial surface with cyanoacrylate adhesive (Wonder Bond, Borden, Inc.).
To partition the wall into outer and inner portions, a waxed, 3-0 suture was inserted through the myocardium beneath the transducer (figure 1) with a curved surgical needle. The suture served as an intramural echo target that was imaged simultaneously with endocardial wall motion. In this manner we could track the echo target coincident with the endocardium and directly measure inner wall thickening as the distance between the suture echo and endocardial echo and outer wall thickening as the distance between the suture echo and epicardium along the same axis through the wall. The appearance of the suture echo within the wall was verified in preliminary experiments by either withdrawing the suture and recording its disappearance from the tracing or measuring its position within the wall at autopsy.
Data at rest were obtained 20 min after inserting the suture into the myocardial wall. Then 2 pig of isoproterenol was injected as a bolus and wall thickness data were collected during the peak heart rate response. In this set of experiments the myocardial wall thickness data were categorized into three groups. The first group (n = 8 dogs) was obtained in experiments in which the sutures were placed within the wall at a depth of between 10% and 35% from the epicardial surface. The second group (n = 11) was collected in experiments in which sutures were inserted 35% to 65% from the epicardial surface. The third group (n = 7) was obtained in dogs in which sutures were placed 66% to 85% of the wall thickness from the epicardium. In a second group of chloralose-anesthetized dogs (n = 4), right heart bypass was instituted. Hemodynamic and wall thickness data were collected at cardiac outputs of 1, 2, 3, 4, and 5 liters/min, 2 min after each level of output was achieved. Right heart bypass was established through a sternotomy by cannulation of the venae cavae and delivery of oxygenated, temperature controlled blood into the pulmonary artery. Heart rate was controlled by atrial pacing at a fixed rate after crushing the sinoatrial node. Mean arterial blood pressure was maintained at a constant level by a combination of tourniquet adjustments around the descending thoracic aorta and varying the flow through a peripheral arteriovenous fistula. A Sarns cardiopulmonary bypass pump (Model 2000) controlled cardiac output, which was used to effect changes in end-diastolic pressure to evaluate how "preload" alterations were manifested in terms of inner and outer wall thickening. In the right heart bypass study sutures were placed only within the midmyocardial region (average depth 52 + 12%, mean + SD).
To determine whether or not attaching the transducer directly to the epicardium significantly affected transmural wall motion, four animals were studied with use of a different transducer-toepicardium configuration. The transducer was attached to a hollow, lightweight rubber dome mounted on the epicardium. The dome, in turn, was attached to the edges of a skirt fashioned from a surgical glove that was glued to the epicardium approximately 1 cm from the center of the echo target. Acoustic coupling was maintained by filling the pericardium with mineral oil. The average suture depth in these experiments was 48 + 6%, which means the myocardium was divided roughly into HEART SOUNDS-* ECG-*. . Schematic depiction of the experimental preparation used in the studies. The M mode echocardiographic transducer (T) was mounted directly on the epicardium of the anterior left ventricle. To partition the wall into outer and inner portions, a waxed, 3-0 suture was passed through the myocardial wall to serve as an echo target. An example of echocardiographic tracings are shown on the right with simultaneously recorded electrocardiogram (ECG) and heart sounds. The inner wall was defined by the distance between the suture and endocardial echo; the outer wall was defined by the distance between the suture echo and
Vol. 74, No. 1, July 1986 outer and inner halves. The fractional contribution to total wall thickening of the outer half was 30 + 9%; the fractional contribution of the inner half was 70 + 9%. The data were nearly the same as those obtained with the transducer attached directly to the epicardial surface (table 1), indicating that the effect of direct epicardial application was small. An experiment was conducted in vitro to demonstrate that the echo system could measure the distance between the transducer and two moving echo targets accurately. Two 20 g needles, separated by 0.7 cm, were attached to a rod and were placed in a beaker of water. The rod was attached to a micromanipulator, allowing movement of the two needles relative to the echo transducer that was stationary in the water above the upper needle. Phasic changes of the micromanipulator produced oscillatory movements in the tracings of the needles. The distance between the needles and the position of the needles relative to the transducer were determined from recordings of the echo images and these values were compared with actual measurements. The echo-derived and directly measured values corresponded closely and were not changed by phasic motion of the needles relative to the transducer, demonstrating the accuracy of this application of short-range, unfocused M mode echocardiography.
Results
Before insertion of the suture to create an intramural echo target, heart rate was 115 ± 15 (mean ± SD) beats/min. Twenty minutes after insertion, heart rate was not significantly different (108 ± 14 beats/min) by paired t test.1`Likewise, mean arterial blood pres- Data are mean + SD. EDWT = end-diastolic wall thickness; ESWT = end-systolic wall thickness; dWT = ESWT -EDWT; %dWT (dWT/EDWT) X 100; FC = fractional contribution to total wall thickening, eg., Inner WT FC = (Inner dWT/Total dWT) x 100; WT = wall thickness; ISO = isoproterenol data.
AProbability of difference between Inner WT and Outer WT data (paired t test). Bp < .05; Cp < .01, significance of difference between isoproterenol and control data.
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sure (95 ± 19 to 97 ± 23 mm Hg, NS) and peak positive dP/dt (2335 ± 551 to 2153 ± 556 mm Hg/sec, NS) were not significantly changed. End-diastolic wall thickness in all of the experiments averaged 11.6 ± 2.0 mm before suture placement and 12.6 ± 1.8 mm afterward, consistent with the thickness of a 3-0 suture, 1.0 mm. Total systolic wall thickening was 4.3 ± 1.9 mm before and 4.5 ± 2.2 mm after the suture was put in position, indicating that the effect of inserting the suture on total wall thickening was not significant.
Hemodynamic changes at the peak of the isoproterenol response were similar in all three categories, and therefore the data were pooled for analysis. Heart rate increased from 107 ± 16 to 154 ± 19 beats/min (p < .01) and mean arterial blood pressure decreased from 101 ± 25 to 81 ± 20 mm Hg (p < .05). Peak positive dP/dt increased substantially (2005 ± 412 to 4020 ± 552 mm Hg/sec, p < .01), indicating that we had successfully augmented contractility with the bolus injection of isoproterenol.
Wall thickness data at rest and during the peak of the isoproterenol response are summarized in table 1. In group 1, the suture depth at rest was 26 ± 8% of the total wall thickness from the epicardium. This means that the inner and outer walls, defined by the depth of the suture, represented approximately the inner threequarters (74 ± 8%) and outer quarter (26 ± 8%) of the wall. The inner wall accounted for 87 ± 7% of total thickening; the outer wall accounted for the remaining 13 ± 7%. Isoproterenol significantly augmented total thickening by 35%, but suture depth at end-diastole (27 ± 9%) and the inner and outer fractional contribution to total thickening (88 ± 7% and 12 + 9%, respectively) were not significantly different compared with conditions at rest (table 1).
In group 2 the myocardial wall was divided approximately into inner and outer halves. The suture depth was 48 ± 10% from the epicardium. The fractional contribution of the inner half was 73 ± 15%; the outer half contributed a significantly smaller fraction of 27 ± 15%. Isoproterenol increased total thickening 39% without altering the fractional contributions of the inner and outer wall (table 1).
The average suture depth was 74 ± 7% at rest in group 3; the suture position divided the wall roughly into the outer three-quarters and inner one-quarter. The fractional contribution of the outer three-quarters was the same as the fractional contribution of the inner quarter (50 ± 10%; table 1). During the injection of isoproterenol, total wall thickening increased significantly (46%). Again, however, there was no signifi-cant change in the fractional contributions of the inner (52 ± 15%) and outer (48 ± 15%) walls to total thickening compared with conditions at rest. In general, in order to minimize myocardial injury, we found that it was best not to introduce multiple sutures into the heart wall to act as echo targets. In one particularly large dog, however, a striking demonstration of transmural differences in wall thickening was made possible by the introduction of four sutures within the wall. As shown in figure 2 , the sutures were evenly spaced, allowing calculations of the fractional contribution to total wall thickening at several different depths in the same animal. A gradient of wall thickening is apparent, with the inner layers clearly thickening more than the superficial layers, consistent with our combined results summarized in table 1. We must reiterate that this was an isolated example. Although this experiment (figure 2) serves as a useful demonstration of the concept of nonuniform wall thickening, it was our experience that preparations with multiple suture placement could not be performed regularly. Figure 3 illustrates the inner wall fractional contribution to total systolic thickening plotted in relation to the percentage of total thickness representing the inner wall. The x axis values correspond to the percentage of the wall from endocardium to epicardium and the y axis values represent the fractional contribution of the inner wall to total systolic thickening. The center data point, for example, is the average fractional contribution (73 ± 12%) of the inner 52 ± 10% of the myocardial wall to total thickening under control conditions.
To evaluate the relationship between the fractional contribution to total thickening and percentage of wall thickness, nonlinear regression analysis was used. 0 Because the percentage of total wall thickening increases from 0 to 100% across the wall, proceeding from one surface to the other, we constrained the regression line by requiring that it pass through the origin (x = 0, y = 0) and intersect the point corresponding to x = 100% and y = 100%. With this constraint and the average data from each of the three groups (table 1), the following cubic regression equation was derived (figure 3): y = 1.21x3 -2.72x2 + 2.5 1x + 0.03 (r2 = 1.0). Plotting the individual data yielded a similar relationship: y = 1.01x3 -2.45x2 + 2.40x + 0.02 (r2 = .75). The relationship lies above the line of identity, indicating that the inner wall contributes the major fraction to total thickening. The average data from the three groups and cubic regression line during the peak of the isoproterenol response are also shown in figure 3 . The relationship (y = 0. 84x3 -2.15x2 + 2.31x + 0.03; r2 = 1.0) was nearly identical to that at rest,
Example of echocardiographic tracings from one experiment in which four sutures were placed in the myocardial wall to serve as echo targets. The demonstration was feasible in this animal because of its large size (36 kg) and, frankly, the serendipitous placement of the sutures with minimal myocardial trauma. The fractional contributions (to total thickening) of the inner and outer wall, defined at different depths by the four sutures, are illustrated on the right side of the figure. A gradient of wall thickening is evident, increasing from the epicardium to the endocardium, in close agreement with the combined results from all of the experiments ( Relationship between inner fractional contribution (FC) to total thickening and percentage of wall thickness. Data obtained at rest are shown with solid symbols and line; data obtained during isoproterenol are shown with open symbols and dashed line. The symbols represent average data in the three categories defined by the depth of the suture used as an intramural echo target. The cubic regression lines were constrained to intersect the origin and 100% point based on the fact that wall thickening increases from 0 to 100% across the wall. The nonlinear relationships indicate that the inner wall contributes the largest fraction to total thickening at rest or with augmented contractility.
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demonstrating that the nonuniform manner in which the wall thickens during systole remains the same when contractility is augmented with isoproterenol.
Wall thickness data from the right heart bypass experiments are summarized in table 2. These experiments were performed to determine the effect of changes in "preload" (made by altering the bypass pump rate, or cardiac output, in 1 liter/min increments) on inner and outer wall thickening. The depth of the suture was 52 + 12% from the epicardium at enddiastole when cardiac output was equal to 1.0 liter/ min; it was altered minimally (54 ± 11%, NS) at a cardiac output of 5.0 liter/min. Thus, the wall was divided approximately into outer and inner halves. Heart rate was held constant in each experiment by atrial pacing at an average of 147 18 beats/min. Mean arterial blood pressure was also maintained constant in each experiment and averaged 103 ± 19 mm Hg.
At cardiac output equal to 1.0 liter/min the fractional contribution of the inner half of the wall was 71 10% and that of the outer wall was 29 + 10% ( (table 2) . Inner and outer wall thickening increased in parallel, as shown in figure 4 , with the inner half of the wall consistently thickening to a greater degree than the outer half. The regression lines shown in figure 4 were derived from the average data from all four experiments. The equation for the inner wall data was y (% wall thickening) = 7.7x (cardiac output) + 23.1; the equation for the outer wall data was y = 4.3x + 7.3. Although a tendency is apparent for the lines to diverge, the regression coefficients were not statistically different. The fractional contribution of the inner and outer wall to total thickening was not significantly changed as cardiac output was elevated (table 2), indicating that the nonuniform pattern of systolic wall thickening was maintained during alterations in ventricular preload.
Discussion
Epicardial echocardiography has been used previously by investigators to measure regional systolic wall thickening in experimental animals8' 1 12 and in man at the time of surgery.'3 14 Wall thickening is an important parameter of ventricular function'5 16 that can be monitored with good resolution and minimal trauma by this method. The major new development introduced in this report is the application of epicardial echocardiography to measurement of transmural differences in systolic wall thickening.
In an earlier study4 we used sonomicrometers to measure differences between inner and outer wall thickening and observed that inner wall thickening exceeded outer wall thickening by a ratio of approximately 2.5: 1.0 at rest and during moderate treadmill exercise. Unlike the present study, however, only the inner and outer halves of the wall were evaluated and the measurements of inner wall thickness were derived by subtracting outer wall thickness from a transmural measurement of wall thickness at an adjacent location. In addition, the sonomicrometer technique is more invasive than epicardial echocardiography. Given these restrictions and potential limitations of our earlier study,4 we undertook the present investigation to more thoroughly address the issue of nonuniform wall thickening. It was our objective to measure inner wall thickening directly, along the same axis as the outer wall thickness measurement, and to evaluate inner and outer wall thickening at different levels across the myocardium.
To partition wall thickness into inner and outer portions we created an intramural echo target by passing a 3-0 suture through the wall. In this manner we visualized the echo target and the endocardium, allowing simultaneous measurement of inner wall thickening (suture echo to endocardial echo) and outer wall thickening (suture echo to epicardium). The data confirmed that the inner wall accounts for the major fraction of total systolic thickening. Consistent with theoretical predictions and our previous, indirect experimental results,4 the inner half of the wall thickened approximately twice as much as the outer half (table 1, group 2). The present study extends the earlier results by demonstrating with direct measurements that a gradient of wall thickening exists across the wall, increasing from the epicardium to the endocardium. It was also our objective to determine how changes in contractility and alterations in preload affected the transmural pattern of systolic thickening. Isoproterenol augmented wall thickening substantially. There was no change, however, in the pattern of nonuniform wall thickening (table 1, figure 3) . These results are similar to earlier findings in dogs studied during exercise.4 Likewise, examination of the Frank-Starling relationship with a right heart bypass preparation demonstrated that nonuniform wall thickening was maintained over a wide range of cardiac outputs and ventricular volumes (table 2, figure 4 ). Although not statistically significant, it is noteworthy that there was a trend for the fractional contribution of the inner wall to decline with rapid increases in ventricular volume ( figure 4) . It is possible that larger changes in the transmural distribution of wall thickening would be evident under conditions of chronic volume overload and this may be worthy of additional investigation.
Using a pulsed Doppler technique to measure wall thickening at different depths through the wall, Hartley et al.6 reported that wall thickening was relatively uniform across the myocardial wall. That conclusion differs substantially from our present findings. For example, the relative contributions of inner, middle, and outer thirds to total thickening predicted by our findings are presented in figure 5 . With the use of the relationship shown in figure 3 , the fractional contributions of different parts of the wall to total systolic thickening were calculated. The inner third accounted for 58%, the middle third for 25%, and the outer third for 17%. These estimates, based on experimental results, correspond closely to theoretical calculations of fractional contributions predicted by simple modeling of the left ventricle as a thick-walled sphere or cylin-der1' ,' and those of other experimental studies. 5' 7 More recent preliminary results from the same group that introduced the pulsed Doppler method,6 however, suggest that significant differences between inner and outer wall thickening are demonstrable with It is well appreciated that the subendocardium is more vulnerable to ischemia than is the subepicardium. '9 Reasons for this phenomenon include the ten-170 dency for collateral blood flow to be higher in the subepicardium20 and the lower mean effective perfusion pressure in the subendocardium due to systolic extravascular compression.2' Our data could be interpreted to suggest another possibility. The inner layers, thickening more than the outer layers, may have substantially greater oxygen requirements that could contribute significantly to the susceptibility of the subendocardium to ischemia. Direct measurements of subendocardial oxygen consumption, however, do not support this interpretation completely. The ratio of deep to outer myocardial consumption is approximately 1.5,22, 23 considerably less than the ratio of inner to outer wall thickening observed in the present study. Likewise, subendocardial blood flow usually exceeds subepicardial perfusion by 30% or less. '9 Because relative transmural differences in perfusion and oxygen consumption do not parallel differences in wall thickening, greater subendocardial wall thickening cannot shortening is relatively uniform across the myocardial wall. Wall thickening is nonuniform, however, because the fibers are arranged in different orientations across the wall24 and the left ventricle undergoes torsion or twist during systole. Thus, individual muscle fibers may contract uniformly, but the manner in which they are arranged and the geometry of the left ventricle dictate that gross functional measurements such as wall thickening (that integrate mechanical performance across large numbers of fibers) be characterized by transmural nonuniformity. As mentioned in an earlier report,4 the model of Arts et al. predicts a ratio of inner half to outer half wall thickening of 2. 1, which is in reasonable quantitative agreement with our present experimental results.
The predominant role of the inner myocardial layers to total systolic thickening has a potentially important implication. Shimizu et al.' proposed recently that a modified midwall model was superior for determining midwall length transients in patients with left ventricular hypertrophy. Their model is based on the assumption that a theoretical midwall point moves toward the epicardium during contraction (rather than remaining stationary), which is consistent with the concept of nonuniform wall thickening. Our findings, based on direct measurements of transmural differences in wall thickening, support the validity of this assumption and suggest that methods of assessing left ventricular stress-strain relationships that assume uniformity of wall thickening be reevaluated.
